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High resolution X-ray diffraction and scattering have long histories, dating back to the 192Os, but it is only 
within the past 20 years that the techniques have become widely used. As a result they often do not feature 
/ in undergraduate courses and, consequently, are still viewed by many as not being relevant to their own ma- 
/ terials characterization needs. In this article, we examine three high resolution X-ray scattering techniques 
and show how they may be used to determine, non-destructively, key properties of Ill-V compound semicon- 
ductor materials. 
M any people do not believe that measurements to the precision of an arc sec- 
ond, which corresponds to the an- 
gle subtended by the diameter of a 
one cent (or one penny) coin at a 
distance of 3 km, can be used in a 
quality control environment. Yet 
this is now routine in the produc- 
tion 0fAlGaAs epilayers for electro- 
optic device applications. What is 
even more impressive is that these 
measurements can be made in a 
few minutes. 
High resolution diffraction is 
the term given to X-ray diffraction 
measurements made with an inci- 
dent beam ‘conditioned’ by Bragg 
reflection from a reference crystal 
rather than just collimating the 
beam with slits or a tube.The rea- 
son for doing this is that the angu- 
lar separation between the Bragg 
peaks for epilayers and substrate in 
near-matched systems, such as 
Al&As on GaAs or InCaAs on InP, 
is very small. In order to use the 
position of the Bragg diffraction 
peak to measure composition and 
relaxation, a precision of the order 
of arc seconds is necessary. If a sim- 
ple collimated beam is used, the 
Bragg peaks are found to be so 
broad as to make the method un- 
workable. 
The problem is that the X-ray 
beam is not only divergent but also 
contains a range of wavelengths. If 
a single crystal is rotated and the 
width of the Bragg peak measured, 
we map out a complicated convo- 
lution of this divergence and 
dispersion. The trick, first demon- 
strated in 1922, is to use a crystal 
identical to the specimen as a 
beam conditioner.Then if, and only 
range of angles 
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figure 1. The double axis diffraction configuration 
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if, X-rays are diffracted from the 
ftrst crystal will they be diffracted 
from the specimen. Provided that 
the reference and specimen are 
parallel to within a small angular 
range, strong intensity will reach 
the detector (Figure I). If they are 
offset by typically 10 arc seconds, 
then no intensity will reach the de- 
tector. The width of the Bragg 
peak, the rocking curve width, has 
been dramatically reduced! 
Figure 1 shows that there is a 
spread of wavelengths diffracted 
from different parts of the sample. 
When the reference crystal is not 
of the same material as the speci- 
men, or different reflections are 
used from the reference and the 
analyser. then the rocking curve 
peaks are broadened. Multiple re- 
flections can be used in the beam 
conditioner to limit not only the di- 
vergence but also the range of 
wavelengths present. These de- 
vices are available as standard 
components in commercial diffrdc- 
tometcrs for research applications. 
Double axis diffraction is now a 
routine cludlity control technique in 
place on many production lines 
around the world. Low mainte- 
nance. commercial instruments are 
on the market which make sample 
loading and data collection simple 
and quick operations. well within 
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Figure 2. Double axis rocking curve of a single AlGaAs layer on GaAs. 
the competence of those who are 
not X-ray specialists. They also in- 
corporate wafer scanning stages 
which permit maps of particular pa- 
rameters, e.g. composition, to be 
generated. One immediate, and 
common, application is in the mea- 
surement of the aluminium comptr 
sition 0fAlGaAs epilayers on C&As. 
For epilayers thicker than about 
0.25 pm, the aluminium fraction 
varies nearly linearly with the sepa- 
ration of the Bragg peaks from the 
epilayer and the substrate.The com- 
position can then be calculated di- 
rectly from the Bragg equation or 
the curve simulated using one of 
the commercial software packages 
based on the dynamical theory of 
X-ray diffraction. Figure 2 shows an 
example of a double axis rocking 
curve from a single, 1.6 pm thick. 
A$Ga,.$s layer on GAS. From the 
peak separation it can be deduced 
that x = 0.300 * 0.005, a precision 
in composition of 0.5%. Reflections 
in which the Bragg planes are not 
parallel to the crystal surface can be 
used to measure the degree of 
strain relaxation in the epilayer. 
Figure 2 is plotted on a loga- 
rithmic scale in intensity. 
Interference fringes are immedi- 
ately apparent associated with the 
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(left hand) epilayer peak.The peri- 
od of these fringes is inversely 
proportional to the epilayer thick- 
ness and they provide an easy and 
extremely reliable method of mea- 
suring the layer thickness. HEMT 
and other multiple layer struc- 
tures show interference fringes 
corresponding to the thickness of 
I- 
each layer present. Although this 
can often result in complex fringe 
patterns, they are a characteristic 
fingerprint of a structure and are 
used routinely for thickness con- 
trol on many III-V fabrication 
lines. Figure 3 shows experimen- 
tal and simulated rocking curves 
of a typical HEMT structure. Multi- 
quantum well structures show not 
only interference fringes, but also 
superlattice satellite peaks from 
the artificial crystal formed by the 
periodic layer structure. 
We note in both figures 2 and S 
that in order to obtain a really good 
fit to the experimental data, we 
needed to include a component 
for the incoherent diff&e scatter 
from the sample. In both cases it is 
in the form of a broad peak cen- 
tred on the substrate peak, general- 
ly Lorentzian in mathematical 
shape. This diffuse scatter arises 
from the defects in the substrate, 
but it can also arise as a result of 
the roughness of interfaces. 
LJnfortunately, the coherent and 
diffuse scatter overlap in the dou- 
ble axis geometry and in order to 
separate these, it is necessary to 
move to a triple axis instrument. 
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Figure 3. Experimental and simulated high resolution diffraction rocking curves. The structure 
used in the Bede RADS program was GaAs (substrate)/ 103 nm A/,,Ga, ,#s/ 16nm 
In, ,,Ga, &Is/ 34nm Alo 23 Ga,,,+/ 70 nm GaAs. A Lorentzian diffuse scatter component 
and a background of 0.7 c.p.s. were included in the simulabon. 
- 
X-Ray Dffraction 
figure 4. The trip/e axis diffraction arrangement. The X-ray beam passes from right to left. 
The (inset) channel-cut crystals to the right act as a monochromating beam conditioner; that 
to the left is the analyser. 
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Figure 5. High resolution double and triple axis data from a GaN epilayer grown on sapphire. 
The so/id line is a best-fit Gaussian to the tilt distribution [T Lafford, N. Loxley and f3.K. 
Tanner, Mat Res Sot Symp Proc, 449 (1997) p.4831. 
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Figure 6. Reciprocal space maps of an InGaAs superlattice grown on GaAs with a graded 
/nGaAs buffer layer. Maps around the 224 reciprocal lattice point: (a) [IlO] direction, (b) 
[I 7 11. Note the satellites from the superlattice and the relative positions of substrate and line 
of satellites. The 004 maps in those directions are shown as inserts. [K. M. Matney J. W 
E/dredge and MS. Goorsky, Mat Res Sot Symp Proc, 379 (1995) pp. 73-781. 
Triple axis scattering 
Use of an analyser crystal after the 
specimen (Figure 4) provides a 
means of determining the direc- 
tion of the scattered X-rays. This 
occurs because the analyser crys- 
tal diffracts X-rays only over a lim- 
ited angular range. (Sometimes a 
slit in front of the detector can be 
used in this manner, but in this 
case the beam size at the sample 
becomes important.) Because the 
diffuse scatter is spread out, while 
the coherent diffracted beam is in 
a well defined direction, the two 
parts of the scattering are immedi- 
ately separated. 
A major advantage of triple ax- 
is diffraction lies in the ability to 
distinguish between tilts and dila- 
tions in a crystal. A scan of the 
specimen, with analyser fixed, 
measures the distribution of tilts 
in the crystal. A coupled scan of 
the specimen and analyser in the 
ratio of 1:2 provides a measure of 
the strain distribution in the sam- 
ple. An example is shown in 
Figure 5, which shows a plot of 
the double axis rocking curve 
(open circles), the triple axis spec- 
imen scan (squares) and the triple 
axis 8-20 coupled scan (full cir- 
cles) for a layer of GaN grown epi- 
taxially on sapphire. The coupled 
scan peak width is much narrow- 
er than that in the specimen scan, 
indicating that almost all of the 
broadening of the double crystal 
rocking curve comes from tilts as- 
sociated with low angle grain 
boundaries. There is little strain 
within these sub-grains, although 
the long tail to the right of the 
central peak in the coupled 8-28 
scan reveals that this is not zero. 
Despite the additional complexity, 
the importance of triple axis dif- 
fraction lies in the characteriza- 
tion of relatively imperfect 
materials. 
Within the timescale of a few 
hours, a sequence of specimen 
and coupled 0-28 scans can be 
performed so that the scattering 
around the reciprocal lattice point 
(corresponding, to the Bragg re- 
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Figure 7. Reflectivity curve for two layers, each approximately 50 nm thickness, on GaAs 
flection), can be mapped out.This 
‘reciprocal space mapping’ pro- 
vides a very powerful visual tech- 
nique for identifying tilts, dilations 
and diffuse scatter. an example of 
which is shown in Figure 6. 
Grazing incidence 
scattering 
When epitaxial layers are very 
thin, the scattering from them be- 
comes weak and difficult to de- 
tect. A way of improving the 
intensity is to use very small grdz- 
ing angles of incidence, whereby 
the X-ray beam has a long path 
length through the layer. In the 
limit of very small angles, we find 
that the X-rays are totally external- 
ly reflected and the X-ray wave- 
field is confined to the top few 
nanometres from the surface. As 
the angle of incidence is in- 
creased beyond the critical angle, 
the X-ray beam penetrates to a 
greater depth and the intensity 
then falls off very rapidly with an- 
gle. Interference fringes are seen 
in the intensity of the beam spec- 
ularly reflected from a thin film. 
The physics is equivalent to that 
giving rise to the iridescent 
fringes seen after rain in puddles 
covered by a thin film of petrole- 
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urn. Beyond about twice the criti- 
cal angle, the fringe period is in- 
versely proportional to the layer 
thickness and X-ray reflectivity 
measurements can provide an ex- 
tremely powerful way of measur- 
ing the thickness of sub-micron 
layers. Each layer of a multilayer 
gives rise to its own periodicity, as 
illustrated in the example shown 
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in Figure 7 of a 48.2+0.5 nm 
AlGaAs epitaxial layer on GaAs 
capped by a 53.0+0.5 nm layer of 
GaAs. The thickness of these lay- 
ers is deduced to this precision 
from the match between the sim- 
ulated and experimental fringe 
pattern between about 1500 and 
4000 arc seconds incidence angle. 
The broad hump at about 5000 
arc seconds arises from a layer ap- 
proximately 2.2 nm thick associat- 
ed with oxidation over the period 
of several years since the layers 
were grown. It is extremely 
difficult to model such layers. 
which we have also seen on old 
polished substrates of III-V 
compounds. 
The specular scatter falls more 
rapidly with angle when the sur- 
face is rough, so some measure of 
the roughness can be determined 
in this manner. However, to distin- 
guish between true roughness 
and compositional grading at the 
surface, it is necessary to measure 
the diffuse scatter occurring 
when the incident beam is at graz- 
ing incidence. For polished III-V 
semiconductors and layers grown 
on such substrates, the rougher 
- Simulation 
Sample Angle (arc seconds) 
Figure 8. Specimen-on/y grazing incidence diffuse scans of an /nP substrate wafer. The two 
data sets correspond to different detector angles. [Courtesy C. D.Moore, PhD Thesis, Durham 
University, 19971. 
X-Ray Dzjjfraction, 
the surface, the more diffuse scat- 
ter is measured. Again, the physics 
is the same as for visible light 
scattering, except that the much 
lower wavelength of X-rays en- 
ables the roughness to be deter- 
mined on the atomic scale. An 
example of the diffuse scatter 
measured when an InP substrate 
is scanned with a fixed detector is 
shown in Figure &The solid curve 
shows a simulation of the scatter 
from which we determine that 
the r.m.s surface roughness is 
0.5 nm and has an in-plane corre- 
lation length of 70 nm.The model 
also includes a parameter h relat- 
ed to the fractal dimension of 
the surface, here determined to 
be 0.5. 
Future trends 
High resolution X-ray diffraction is 
clearly well established as a quaii- 
ty control tool for III-V semicon- 
ductor device manufacture. 
More sophisticated experimental 
arrangements are used in process 
development but this added com- 
plexity is continually being offset 
by improvements in ‘ease of use’ 
of commercial instruments. 
Grazing incidence reflectivity and 
scattering has yet to be fully ex- 
ploited in the III-V context but 
is likely to become the next 
X-ray quality control tool. The 
combination of high resolution 
diffraction and grazing incidence 
reflectivity provides much more 
structural information on epilay- 
ers than the use of each technique 
in isolation. 
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CaAs substrates and epitaxial wafers 
l Semi-insulating 2”, 3”, and 
4” LEC substrates 
l n- and p-type 2” and 3” HB substrates 
l Epitaxial wafers for HEMTs, FETs and 
HBTs GvKh’PE process) 
l AlGaAs epitaxial wafers for red and 
infrared LEDs (LPE process) 
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